BACKGROUND: neurologic dysfunction causes fecal incontinence, but current techniques for its assessment are limited and controversial.
f ecal incontinence (fi) affects 2.2% to 15.0% 1 of the Western population, with a higher prevalence in older subjects.
1,2 its pathophysiology involves multiple and often overlapping mechanisms, such as anorectal neuropathy, and weak or damaged anal sphincters. 3 obstetric, pelvic floor, and spinal cord injuries may each cause fi, because of muscle injury, neurologic injury, or both in a majority of subjects with fi. 1, 4, 5 Currently, anorectal neurologic injury is assessed by performing anal emG or the pudendal nerve terminal motor latency testing (Pntml), 6, 7 and only in specialized centers. emG quantifies the electrical activity of the anal sphincter and is performed with single-fiber or concentric needle or surface plug emG. 8, 9 needle emG, although superior to surface emG, 10 is painful, may require multiple insertions, and is not well tolerated. Pntml testing provides a compound muscle action potential and assessment of nerve conduction through the terminal portion of the pudendal nerve. it has several limitations, including the fact that a normal latency time does not exclude neuropathy, and its clinical use remains controversial. 5, [11] [12] [13] [14] furthermore, neither emG nor Pntml testing evaluates the entire spino-anorectal neuronal pathways. Consequently, a standardized and objective test for a comprehensive evaluation of neuropathy is lacking.
Recently, magnetic stimulation on the basis of faraday's law of electromagnetic induction 15, 16 has been proposed. 17, 18 transcranial magnetic stimulation can reliably evoke motor-evoked potentials (mePs) in the rectum and esophagus. Recently, we showed that mePs provide a useful assessment of anorectal neuropathy in subjects with spinal cord injury. 19 although previous investigators have used translumbar (tl) magnetic stimulation to study cauda equina and pudendal nerve lesions in subjects with fi, 20, 21 simultaneous evaluation of anal and rectal mePs and those at lumbar and sacral regions has not been performed. such a comprehensive assessment is needed, because the anorectum has complex and diverse neurologic innervation, and neuropathy may affect only some of the neuronal tracts.
here, we tested the hypothesis that magnetic stimulation-induced anal and rectal mePs are prolonged in subjects with fi compared with healthy controls. our aims were to prospectively evaluate and compare anal and rectal mePs after bilateral tl and transsacral (ts) magnetic stimulation in subjects with fi and healthy controls and to assess the diagnostic yield of tl and ts mePs in subjects with fi and when compared with the Pntml test.
MATERIALS AND METHODS
Subjects subjects with fi (1 or more times per week, formed or liquid stool) and no previous history of back injury, spinal surgery, or neurologic disease were recruited at 2 centers. all of the subjects filled out the Vaizey fi severity score questionnaire, 22 which assesses incontinence of solid, liquid, and gas and how the fi alters quality of life. it also includes the need to wear a pad, use of constipation medicine, and inability to defer defecation for >15 minutes. Possible scores range from 0 to 24. healthy subjects were screened, and those without previous surgery or medication use (except multivitamins, oral contraceptives, or aspirin) and a normal physical examination were recruited. the study was approved by institutional review boards at the university of iowa and Georgia Regents university.
each subject underwent 2 tests in a random order at 30-minute intervals. Randomization was computer generated and was only available at the time that the patient was ready for examination. the tests were composed of bilateral spino-anal and spino-rectal meP assessment, using tl and ts magnetic stimulation and anorectal manometry. 23 in addition, a cohort of subjects including both healthy controls and those with fi underwent the Pntml test. all of the subjects did not undergo the Pntml test because we encountered technical problems with the Pntml equipment; in addition, some subjects refused to participate.
TL/TS Magnetic Stimulation
With the subject lying in the left lateral position, a probe (Konigsberg instruments, Pasadena, Ca) containing 2 pairs of bipolar steel ring electrodes ( fig. 1 ) was placed such that 1 pair was located in the rectum at 7 to 9 cm and second pair in the anal canal at 2 to 3 cm from the anal verge. the probe was kept in place using 3m tegaderm film (3m, st Paul, minnesota) that was located over the probe close to the anal verge. the spinal magnetic stimulations were performed either by using a Cadwell focalpoint Coil (9 cm; Cadwell, san Diego, Ca) or a figure-8 magnetic coil (9 cm; Digistim, magstim ltd, Boston, ma) in the prone position ( fig. 1 ). these 2 coils were of similar size and provided focal stimulation. although 2 different coils and devices were used, stimulations were performed using identical stimulation frequency and intensity. Variability if any with these devices is estimated to be negligible.
the tl mePs were evoked on each side at the l3 to l4 level, ≈3 cm lateral to the midline and the ts meP at the s3 to s4 level, 3 cm lateral to the midline and on each side ( fig. 2 ). these sites were chosen based on our pilot studies and previous studies. 24, 25 We used between 50% and 100 % intensity (2 t) of magnetic stimulation to evoke mePs, usually starting at 50% intensity and in 5% to 10% increments until an optimal and reproducible meP response (>10 μv) was obtained. at least 5 optimal responses were obtained at each site, and the 3 best responses were averaged to calculate the meP responses. after magnetic stimulation, the meP responses were recorded simultaneously from the rectum and the anal canal and were displayed on a monitor ( fig. 2) . the lumbar and sacral mePs were designated as follows: 1) tl-rectal meP, 2) tl-anal meP, 3) ts-rectal meP, and 4) ts-anal meP. Because responses were obtained bilaterally, a total of 8 meP responses (4 from each side) were recorded. each meP response was analyzed to determine onset time in milliseconds (latency) and the peak ( fig. 3 ). the amplitude of meP response was measured as the voltage difference (in microvolts) between onset time and peak. in addition, to detect any differences between the lumbar and sacral sites, peripheral motor latencies were calculated as the mean difference (Δ in milliseconds) between the lumbar and sacral meP responses.
Anorectal Manometry and Rectal Sensory Assessment anorectal manometry was performed by placing a 6-sensor solid-state probe (Konigsberg laboratories, Pasadena, Ca) with a balloon into the anorectum. our methods have been described previously. 23 We measured anal sphincter pressures during rest, squeeze, and when bearing down. Rectal sensation was assessed by performing intermittent balloon distension with air starting with 10 ml and up to 320 ml. each inflation was maintained for 1 minute. the sensory thresholds for first sensation, desire to defecate, urge to defecate, and the maximum tolerable volume were recorded.
23

Pudendal Nerve Terminal Motor Latency
Pntml was measured by using the st mark's disposable electrode (Dantec electronics, Bristol, united Kingdom). the pudendal nerve was stimulated on each side, transanally at the ischial spine. 23 the mean onset time of the 3 best responses was taken as the motor latency on each side. th percentile) values. the anal sphincter pressures and manometric data are presented as mean ± sD. the presence of anal or rectal neuropathy was defined as prolonged onset of meP latency using the following cutoffs that were >2 sD of the mean values obtained in healthy controls: >4.0 milliseconds for tl-rectal meP, >4.2 for tl-anal meP, >4.1 for ts-rectal meP, and >4.5 for ts-anal meP, and for Pntml an onset time of >2.2 milliseconds. 26 a p value < 0.05 was considered statistically significant. the primary comparisons between the patients with fi and healthy control subjects were the meP data. additional comparisons were made between the meP responses and the Pntml responses in patients with fi and in healthy subjects by using the mann-Whitney U test. Differences in the prevalence of abnormal tests between meP or Pntml data were compared using χ 2 . the mean differences for the anal sphincter pressures, for the rectal sensory thresholds, and for the balloon expulsion tests between the 2 groups were compared using the student t test. incontinent subjects were considered to have rectal hypersensitivity when 2 or more of the 3 rectal sensory threshold volumes (first sensation, desire to defecate, and urgency to defecate) were lower than 2 sD of the normal mean value and rectal hyposensitivity when rectal sensory thresholds were >2 sD of the normal mean values. Demographics/Baseline Anorectal Function Tests seven patients (14%) had diabetes mellitus, 8 (16%) had previous anorectal or transperineal surgery, and 4 (8%) of 42 were nulliparous. the median number of pregnancies in the multiparous women was 3 (range, 2-10), whereas the median number of pregnancies in healthy control subjects was 1 (range, 1-4; p= 0.0001). all of the patients with fi had vaginal delivery, and 12 reported a history of difficult labor (large baby, instrumentation, or breech). all of the healthy control subjects had vaginal deliveries and 2 also had cesarean section. there were 5 healthy control subjects who reported vaginal tears, and 2 had difficult labor that required using forceps. thirty-six patients had urge incontinence, 9 had passive incontinence, and 5 had fecal seepage. the mean Vaizey score (0-24) was 15 (range, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . there were 28 patients with leakage of solid stools, 36 with liquid stools, and 34 with gas incontinence. the majority of patients had a mixed pattern of incontinence with significant overlap. the median number of fi episodes per week was 1. ten (20%) had coexisting urinary incontinence.
the results of anorectal manometry and rectal sensation are shown in table 3. Resting and squeeze sphincter pressures and squeeze duration were significantly decreased (p < 0.05) in patients with fi compared with healthy controls. thresholds for first sensation, desire to defecate and urge to defecate, as well as maximal tolerable volume, were significantly lower (p < 0.05) in patients with fi compared with healthy controls. nineteen patients (38%) had normal rectal sensation, 10 (20%) had rectal hyposensitivity, and 21 (42%) had rectal hypersensitivity. a dyssynergic pattern was seen in 34 patients (68%) during attempted defecation. fig. 3) . shows typical profiles of the meP responses in a healthy control subject and in a patient with fi.
TL/TS Motor-Evoked Potentials
the mean latencies for the meP responses are shown in table 1. overall, subjects with fi had significantly prolonged meP latencies when compared with healthy subjects (p < 0.01). only 6 fi subjects had normal meP responses at all of the sites. Patients with normal mePs reported a Vaizey incontinence score of 15.8 (range, 4.0-22.0), and there were no differences in this score when compared with those with prolonged mePs.
abnormal meP responses were seen at all of the sites and on both sides in patients with fi (table 2) . the prevalence of abnormal mePs for the left side ranged between 46% and 68% and for the right side between 32% and 62%. the peripheral motor latencies were slightly shorter for the ts mePs when compared with the tl mePs at both the rectal (0.11 ± 0.03 milliseconds sem for tl and 0.13 ± 0.05 milliseconds sem for ts) and anal (0.19 ± 0.03 milliseconds sem for tl and 0.16 ± 0.06 milliseconds sem for ts) sites (table 1) but were not significant (p > 0.05). there were no differences in mePs after comparing patients according to history of anal surgery, parity, diagnosis of diabetes mellitus, or severity of fi according to Vaizey score. abnormal mePs were partially associated with the type of incontinence. they were significantly shorter in urge type of incontinence when compared with passive incontinence and seepage types but only at 2 of the 8 recording sites (tl anal right, p = 0.048; ts rectal left, p = 0.035). all of the other sites showed no significant differences.
Pudendal Nerve Terminal Latency
Patients with fi had significantly prolonged Pntml when compared with healthy subjects (p<0.05; table 1). eleven patients had normal Pntml on both sides, and 19 had abnormal Pntml, of whom 12 were abnormal on 1 side and 7 on both sides.
Diagnostic Yield and Agreement of Spinoanorectal MEPs and PNTML
an abnormal meP response was seen at 1 or more of the 8 stimulation sites in 44 (88%) of 50 patients; 6 had normal mePs. thirty patients with fi underwent both meP and Pntml tests. mePs were prolonged at 1 or more sites in 26 patients with fi (87%), whereas Pntml was prolonged at 1 or both sides in 19 patients with fi (63%; p < 0.01). a positive device agreement for the detection of neuropathy between meP and Pntml was seen in 19 of 30 patients with fi (63%). in 4 of 30 patients with fi (13%), both meP and Pntml data were normal, indicating negative device agreement (neuropathy excluded). in the remaining 7 (24%) of 30 patients with fi, Pntmls were normal on both sides, whereas the mePs were abnormal and prolonged indicating neuropathy. overall, device agreement between meP and Pntml data was seen in 23 (77%) of 30 patients. these data suggest that the meP test could provide a higher diagnostic yield for detection of neuropathy when compared with Pntml. overall, 72% of patients had concordance in tl and ts mePs at both rectal and anal sites. these results suggest that an abnormal tl rectal meP is most likely associated with abnormal ts TL-rMEP = translumbar rectal motor-evoked potential; TL-aMEP = translumbar anal motor-evoked potential; TS-rMEP = transsacral rectal motor-evoked potential; TSaMEP = transsacral anal motor-evoked potential.
rectal meP. although some concordance was present for both tl and ts sites, 88% of patient had 1 or more abnormal mePs, and only 44% had concordance for abnormal mePs at all sites of stimulation.
Tolerance/Adverse Events almost all of the patients reported mild-to-moderate anorectal discomfort during Pntml, largely related to digital-rectal examination, and 2 subjects reported severe discomfort. four of 50 patients reported mild transient anorectal discomfort during meP probe placement, and 3/50 patients reported mild, transient lumbar discomfort from magnetic stimulation that resolved immediately.
DISCUSSION
neuropathic injury to the pelvic floor can cause fi. 1, 2, 4, 19 also, women with sphincter defects are more likely to develop incontinence if they have neuropathy. 28 however, since the development of single-fiber needle, surface, or concentric needle emG and Pntml nearly 3 decades ago, there has been little progress in our ability to investigate possible neuropathy of the pelvic floor. 29, 30 emG and Pntml have significant limitations that have prevented widespread acceptance or usage. needle emG is painful. likewise, Pntml involves digital rectal examination that is uncomfortable to the patient and operator and has other limitations. 31 neither test provides an assessment of all the peripheral nerves that innervate the anorectum. finally, a lack of objective and comprehensive evaluation of the peripheral spino-rectal and spino-anal pathways has stifled our understanding of the neurogenic basis of fi.
in this study, we found that the tl and ts mePs were significantly prolonged in patients with moderately severe fi when compared with healthy controls. this finding suggests that the spino-anal and spino-rectal nerve conduction is abnormal and indicative of a neuropathy that affects the rectum and anal sphincters and would play an important role in the pathogenesis of fi. the presence of an underlying neuropathy in a significant proportion of these patients with fi is not surprising, because they were evaluated in a specialist clinic with long-standing fi. our findings explain 1 pathophysiological component but not the complete etiology for fi.
the sacral magnetic stimulation most likely stimulates the sacral nerve roots that supply the pelvic floor muscles, including the pudendal nerve (s2, s3, and s4), of which the branches innervate the external anal sphincter. 7 the lumbar stimulation at the l3 to l4 level was chosen on the basis of previous work by swash and snooks, 32 because it represented the origin of cauda equina and conduction through the s3 and s4 motor roots. Because they used a technique of wire-guided electrical stimulation, they could not stimulate at a more caudal level, 32 whereas with the magnetic coil we could evoke mePs both at the lumbar and sacral levels. the ability to analyze 4 different meP pathways not only provides a more accurate assessment of the spino-anorectal pathway but could also help to grade the severity of neuropathy.
however, the magnetic field that is created by our coil may not only stimulate the sacral nerve roots but also the nerves in the lumbar plexus. furthermore, we observed small but distinct differences in the peripheral motor latencies, which represent the conduction velocity between the nerves emanating from the tl region and those from the ts region. although these differences were not significant (possibly because of a type ii error), they offer some evidence that stimulation at different locations along the nerve roots provides additional information regarding the overall integrity of neuronal innervation. this is particularly important because we found that 44 (88%) of 50 patients with fi had abnormal mePs from some but not all of the 8 spino-anorectal sites that were assessed, whereas at any 1 level or site it ranged from 32% to 68%. furthermore, because neural innervation can be asymmetric, it is important to study the multiple pathways so as to provide comprehensive assessment.
interestingly, there were some differences between the degree of neuropathy and type of fi. We found that patients with urge-type fi had values that were prolonged when compared with healthy controls but were shorter when compared with the passive and seepage types of fi at 2 of the 8 recording sites (tl anal and ts rectal mePs). these results suggest that the degree of neurologic injury may be higher in passive and seepage subtypes but merits further study. magnetic stimulation studies have been performed previously to assess neuropathy at different locations in the spine, including the cervical 33 and lumbosacral regions, and can detect neuropathy associated with spinal abnormalities (cauda equina and lumbar stenosis). however, these studies were mostly exploratory, not hypothesis driven, and were performed in healthy subjects only, 23, 29, 30, 34, 35 women 35 or men only, 29 or after stimulation at iliac crest. 29, 30 there are limited and only anecdotal studies of mePs in subjects with fi, 17, 21 and the data are contradictory, possibly hampered by technical issues, including the use of anal surface emG (a technique that is prone to artifacts), lack of simultaneous assessment of rectal and anal mePs, or isolated evaluations from only the lumbar or sacral regions. these shortcomings were overcome by performing meP recordings using a specially designed probe that provided better contact and minimized artifact. our technique has been validated, shows good reproducibility, and has facilitated the detection of neuropathy in patients with spinal cord injury. 19 We found that the Pntml was abnormally prolonged in 63%, whereas the mePs were abnormal in 87% of fi subjects. this finding further reaffirms the limitation of Pntml that it does not detect neuropathy in all fi subjects, in part because the neuropathy may involve and extend beyond the terminal portion of the pudendal nerve, and that Pntml currently measures conduction of the fastest conducting and intact nerves only but not the entire innervation of the anorectum. these factors may explain the detection of neuropathy with mePs in 24% of subjects with a normal Pntml. although Pntml has been used for several decades, results have been contradictory and are not endorsed by many experts, including the american Gastroenterological association. 5 the meP test was generally well tolerated with no adverse events. on the basis of our experience with the Pntml for >20 years and the mePs for >5 years, we believe that the mePs are technically less demanding, easier to perform, and better tolerated than Pntml. in addition, the probe is flexible, causes minimal discomfort, and stays in place, unlike digital manipulations. furthermore, it is an objective assessment, removes any bias or room for misinterpretation of a shorter latency time, and minimizes the interobserver error.
the detection of neuropathy provides mechanistic information regarding the pathophysiology of incontinence, but its clinical significance particularly with regard to therapeutic interventions is unclear. Recently, contradictory reports have been published regarding the usefulness and outcome of sacral nerve stimulation for fi. 36, 37 this in part could be because of the heterogeneity of the fi population, device-related issues, or the presence or absence of pelvic neuropathy. for example, it is possible that patients with significant anorectal neuropathy are less likely to respond to sacral nerve stimulation; this hypothesis needs further testing.
the limitations of our study include the inability to perform mePs in subjects with metal implants or multiple spinal surgeries. also, emG studies were not performed to independently verify neuropathy. there were significant age differences between patients with fi and control subjects, and whether aging has an independent effect on pelvic floor nerve conduction is not known and merits further study. also, in women, the number of vaginal deliveries differed significantly between control subjects and patients with fi. Whether a greater number of deliveries causes greater neurologic injury is not known and also deserves further study. finally, because we examined patients who were referred to a tertiary care center, our findings may not be generalizable to all patients with fi.
CONCLUSIONS
tl and ts magnetic neurostimulation appears to be a useful technique for the detection of neuropathy and provides a new dimension toward our understanding of the mechanisms of fi. the test is safe and well tolerated and provides both objective and comprehensive information regarding the presence or absence of anal or rectal neuropathy in patients with fi.
